Introduction
Mobility and migration are of fundamental importance in human prehistory and have, as such, been debated ever since archaeology became an academic discipline. The discussion has focused mainly on the power of migration to explain cultural evolution and social development, and on the implications of mobility and sedentism. Clearly, there have been periods during prehistory when migration and changes in mobility patterns were more intense than during other periods, often in connection with the introduction of new crops, creatures or crafts. Scandinavia during the Neolithic and Bronze Age is one such instance, and the focus of the present article.
Mobility has previously been studied using carbon and nitrogen isotopes (e.g. Hakenbeck et al. 2010; Sealy2006) , strontium (e.g. Price et al. 2001; Knudson and Buikstra 2007; ), or sulphur (e.g. Linderholm et al. 2008; Vika 2009; Oelze et al. 2012; Nehlich et al. 2012; Jay et al. 2013) . However, the intricate issue of separating mobility from dietary changes has rarely been addressed (although see e.g. Knudson et al. 2010) . In this article, we therefore set out to do this, studying Neolithic and Bronze Age people on the island of Öland in the Baltic Sea. In order to study individual mobility, we have focused on establishing intra-individual δ 34 S variation by analysing, where possible, both tooth and bone elements from each individual, enabling the detection of residential changes during a lifetime. This is particularly challenging in aquatic environments, with individuals consuming various mixtures of terrestrial and marine foods, because the terrestrial δ 34 S signal is masked by marine δ 34 S influence. Here, we suggest that by modelling the δ 34 S of the terrestrial component of human diet, it is possible to identify non-local origin and residential mobility for individuals consuming various mixtures of terrestrial/marine protein. In this study we accordingly make use of intra-individual data to distinguish between mobility and dietary change, by combining carbon, nitrogen and sulphur stable isotope data.
Archaeological Background
Figure 1: Geological map over Öland with the location of the archaeological sites analysed, as well as Swedish provinces and sites mentioned in the text.
In the region surrounding the brackish Baltic Sea, the water itself of course served as an excellent medium for mobility, but the Baltic was also of immense importance for subsistence, offering a wealth of resources for the provision of food, clothing, artefact production and fuel, to name just a few examples. The material analysed in this study originates from Öland, a c. 140km long island in the Baltic Sea ( Figure 1 ). It is a narrow island, less than 20km across, in close proximity to mainland Sweden. The bedrock comprises primarily sedimentary rocks such as Ordovician limestone, with some Cambrian and Ordovician shales. Its current shape and relative closeness to the mainland have only changed marginally since the Mesolithic (Svensson 2001 ; for a chronological division of archaeological periods in southern Scandinavia, see Table 1 ), and while the natural boundaries of the island itself delimit the area of investigation, the proximity to the mainland still promotes contacts and mobility of people as well as animals. Furthermore, the calcareous soils on the island provide favourable preservation conditions for skeletal material. Early Neolithic 4000-3300
Middle Neolithic 3300-2300
Late Neolithic 2300-1800
Early Bronze Age 1800-1100
Late Bronze Age 1100-500
Öland is one of the few places in eastern Sweden where megalithic tombs occur. The erection of megalithic tombs such as dolmens and passage graves, clearly associated with the Funnel Beaker culture (the TRB), took place over vast areas of northern Europe during the Early and Middle Neolithic, around the middle of the fourth millennium BC (Midgley 2008) . In Sweden, about 525 dolmens and passage graves are known (Sjögren and The overall importance of food and diet -not only for survival, but also for the construction of identity and culture -makes it crucial for archaeological understanding of cultural differences and change. In a previous study, we therefore used δ (Linderholm 2008; Malmström et al. 2009; Skoglund et al. 2012; 2014) . 
Material and Methods

Stable sulphur isotopes
Sulphur is incorporated into vertebrates through their diet. Experimental data has shown that it is mainly the protein portion of the diet that is reflected in collagen isotopic data (Ambrose and Norr 1993) . Sulphur in collagen is present in only two amino acids, methionine and cysteine. Methionine is an essential amino-acid, which implies that it is derived directly from ingested protein, whereas the cysteine is non-essential, and synthesised either from the diet or from methionine (Bohinski 1979 The isotopic fractionation between food and consumer is relatively small (-1‰ to +2‰), which means that the δ 34 S value in bone or dentine collagen reflects the sulphur isotopic composition of the diet which, in turn, reflects the geology/locality where the food sources originated (Peterson et al. 1985; Bol and Pflieger 2002; Sharp et al. 2003; Richards et al. 2003; Fraser et al. 2006; Buchardt et al. 2007; Nehlich et al. 2010 terrestrial range, cannot with certainty be identified as local, although it will frequently be the most plausible interpretation (see Table 4 ). The analysis of both dentine and bone collagen from one individual, enables detection of change of residence during the lifetime of an individual, because the collagen is formed during different ages. 
Analysed material
The sulphur isotope dataset presented here derive from human and faunal skeletal remains from three sites on Öland: Resmo, Köpingsvik and Torsborg ( Figure 1 ). All analysed human subjects have been radiocarbon dated, spanning from the Middle Neolithic to the Early Bronze Age (c. 3500-1000 cal BC), whereas the faunal material is only partly dated, covering the same time period, but also extending the date range into modern times (Eriksson et al. 2008 ; the present study) ( Table   2 and Table 3 ).
Stable sulphur isotope data, along with other isotope data, for the Resmo individuals have been presented in a previous paper about the Neolithization on Öland (Eriksson et al. 2013) .
With regard to δ 34 S analysis, a number of samples have since been rerun, with some additions, and with a more rigorous application of quality criteria. These measures have resulted in a smaller but hopefully more reliable dataset for Resmo, although as there are now fewer samples for some individuals, the interpretation regarding mobility has accordingly changed in some instances (Table 4) .
The faunal samples, including both wild and domestic terrestrial species, as well as marine mammals, were included to serve as a necessary baseline for the interpretation of human sulphur isotope data. Their respective ranges of sulphur isotope values enable prediction of the local terrestrial range, reflecting the bioavailable δ 34 S composition of the island, and also allow modelling of the δ 34 S of the terrestrial component of the human diet (see Section 5 for details).
Collagen extraction and sulphur isotope analysis
Collagen, the main protein component of bone as well as dentine, was extracted from the skeletal material in a laboratory dedicated to bone chemical analysis. The skeletal specimens were cleaned using deionised water and the outer surface was removed prior to sampling. Bone or dentine powder was obtained from each sample using a dentist's drill.
Tooth samples were taken from the crown and cervix of the tooth, unless otherwise stated.
Collagen was subsequently extracted following a modified Longin method (Brown et al. 1988) . 
Results
Quality
Of the analysed material from Resmo, Köpingsvik and Torsborg, 53 human and 18 faunal bone and dentine samples fall outside the acceptable ranges for δ 34 S analysis with regard to %S, C/S and N/S (cf. ). These samples are reported in In total, 70 human and 38 faunal samples fulfil the quality criteria with regard to %S, C/S and N/S, as suggested by . These include seven human and four faunal samples (highlighted by an asterisk in Table 2 and Table 3 
Faunal samples
Stable sulphur isotope data for the faunal samples are presented in Table 2 The total range for the marine mammals is from +13.6 to +16.0‰ (mean +14.8, sd 0.8‰, n=6), including harbour porpoise (+14.8 ± 0.6‰, n=3), ringed seal (+14.1 ± 0.7‰, n=2) and one harp seal (+16.0‰). The only analysed specimen of fish, a marine garpike, has a somewhat higher value of +17.3‰ (but see reasoning above). One unidentified marine bird (as inferred from its carbon isotope value), has a considerably lower δ 34 S of +8.4. One red fox, which had a mixed marine/terrestrial diet, has a slightly higher value, +9.5‰.
Wild terrestrial species vary between +6.6 and +13.6‰ (+10.0 ± 1.9‰, n=13). These include moose (+11.4 ± 0.8‰, n=3), one roe deer (+8.7‰), one pine marten (+10.6‰), the mountain hares, which range from +7.8 to +13.6‰ (+10.4 ± 2.1‰, n=5), and the pigs from Köpingsvik (+8.2 ± 1.4‰, n=3). The Köpingsvik pigs were interpreted as wild/feral due to the lack of correspondence between human and pig δ 13 C and δ 15 N values, indicating that these animals did not feed on human food waste to any detectable extent (see further discussions on PWC pigs in Eriksson 2004; Fornander et al. 2008 ).
Cattle and sheep/goat range between +5.8 and +11.0‰ (+8.1 ± 1.9‰, n=7), whereas the two (possibly domestic) pigs from Resmo have values of +2.1‰ and +7.3‰, respectively.
Dogs fall into two dietary groups, based on carbon isotope data. The two terrestrial dogs have uniform δ 34 S values (+7.5 ± 0.3‰, n=2), whereas the dogs feeding off marine resources have a wider range, from +12.1 to +15.7‰ (+13.9 ± 1.5‰, n=5). Grave Klinta A7, demonstrate no change in δ 34 S from childhood to adult age. Neolithic) range from +6.8 to +13.4‰ (+10.1 ± 1.9‰, n=19), and ten individuals from Phase 3 range from +5.1 to +13.6‰ (+8.4 ± 2.3‰, n=25). The implications of the Resmo data will be discussed in detail below.
Human samples
Discussion and Conclusions
The megalithic tomb in context
The fact that the Resmo passage grave was used during three separate phases, makes it necessary to consider the cultural context for each phase separately. In Figure 4 , it is also evident that Phases 2 and 3 in Resmo are very different from the earlier phase, both in terms of variation and mean values. Especially Phase 3 seems to match the Alvastra dataset, which suggests that the level of mobility could be of a comparable magnitude.
Modelling the terrestrial δ 34 S
There is a statistically significant positive correlation between δ 13 C and δ 34 S for humans (Spearman's r= 0.55, p<0.001), which is also obvious from Figure 3 . The implication is that the marine component of the diet elevates the sulphur isotope value, thus obscuring mobility patterns. In order to discern mobility from such data, it is therefore necessary to 
where R obs is the observed δ 34 S value, and R mar is the marine δ 34 S end-point value, +15‰. M is the marine factor, which is calculated as
where C mar is the percentage of marine dietary protein, which is calculated from δ 13 C, using -22‰ and -13‰ as terrestrial and marine end-points, respectively.
The calculation of the marine δ 34 S mean (R mar , +15‰) is based on marine mammals only, that is, harbour porpoise (n=3), ringed seal (n=2) and harp seal (n=1). The δ 13 C and δ 15 N evidence shows that the marine protein consumption derived mainly from marine mammals, and apparently not from fish or birds to any large extent. Moreover, the marine bird (+8.4‰) was not determined to species, and therefore whether it was migratory could not be established. This does not exclude the possibility that its flesh or eggs constituted a minor part of the diet, and its value is accordingly informative. Much the same could be said about the garfish (+17.3‰), with the addition that its C/S ratio indicates that it should be treated with caution. Including the bird and the fish would not substantially alter the mean marine δ 34 S value (from +14.8 to +15.2‰), and it was deemed reasonable to exclude them from the calculation.
The local terrestrial range, reflecting the bioavailable δ 34 S composition of the island, is calculated as the δ 34 S mean ± 2 standard deviations of wild local terrestrial fauna. The resulting range, +6.3‰ to +13.7‰, is thus based on δ 34 S data from moose (n=3), roe deer (n=1), pine marten (n=1), mountain hare (n=5) and wild/feral pigs (n=3) (cf. 
Human mobility in Resmo
Estimated terrestrial δ 34 S values for human individuals with marine dietary input below 60%
were calculated for 28 individuals from Resmo and three from Torsborg, including intraindividual data for 21 Resmo individuals. These are plotted separately for each phase in cases. The bone value from the infant, subject 31, is also outside the local range, probably reflecting the mother's diet during pregnancy and lactation, as its elevated δ 15 N indicates that the infant was breastfed. The bone value of subject 29 also supports a non-local origin.
During Phase 2, six individuals fall completely within the local terrestrial range (subjects 9, 11, 12, 20, 21 and 25). There is no detectable difference between the two dentine (childhood) values for subject 20, whereas subjects 12 and 21 have ranges >2‰ Only one out of these six non-local individuals, subject 13, has an individual range indicating change of residence. In sum, there is an increase in the proportion of individuals classified as non-locals from the Neolithic (Phases 1 and 2) , to the Bronze Age (Phase 3) -from 50% and 36% during the Neolithic, to 67% during the Bronze Age. This rise is clearly discernible but by no means remarkable. However, taking into account the overall range of variation for each phase, a clear pattern emerges (Figure 6 ). The mean estimated terrestrial δ 34 S value for Phase 1 is +6.7‰, and the standard deviation only 1.4‰ (n=15), while both the mean and the sd increase during Phase 2, to +7.7 ± 2.1‰ (n=20, incl. Torsborg). During Phase 3, the mean is below the local terrestrial range, +6.2‰, and the sd as large as 3.3‰ (n=27, incl. Torsborg).
As expected, the subadult values (dentine and subadult bone) vary to a higher degree (both range and sd) than adult values (adult bone), since the former represent shorter tissue formation times, while the longer time of formation in adult bone tends to level out shortterm variation such as seasonal differences. It is truly difficult to find a better explanation for the increasing ranges at the population level than increasing mobility. 
Diet and mobility
Archaeological implications
